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Synthesis of suitably protected γ-thiolysine for Fmoc SPPS Scheme S1 Synthesis of γ-thiolysine starting from lysine
Synthesis of γ-chloro-L-lysine dihydrochloride (1)
The synthesis of 1 was performed following the procedure as essentially was described by Kollonitsch et al. 1 In a photochemical reactor, a suspension of (S)-2,6-diaminohexanoic acid hydrochloride (137 g, 750 mmol) in concentrated hydrochloric acid (450 ml) was heated to 70°C to give a clear solution.
Chlorine (74 g, 1044 mmol) was bubbled through the reaction mixture at a rate of about 40 g/h, while the mixture was irradiated using a medium pressure mercury lamp. After addition of the chlorine was complete, the reaction mixture was cooled to 20°C using a cryostat. The clear reaction mixture was transferred to a round bottom flask and stirred at room temperature. After 16h a precipitate formed which was isolated by filtration. The residue was washed with concentrated hydrochloric acid (10 mL), coevaporated three times from MeOH and triturated with MeOH (90 mL). The product was obtained after crystallization from concentrated HCl (200 mL) as a white solid (20.52 g, 11%); 1 H-NMR (300 MHz, DMSO-d 6 ) δ 8.81 (br s, 3H, αNH 3 ), 8 .43 (br s, 3H, εNH 3 ), 4.48 (m, 1H, γCH), 3.96 (br s, αCH, 1H), 2.94 (m, εCH 2 , 2H), 2.31 (m, total 3H, βCH 2 + δCH), 2.04 (m, 1H, δCH); Analysis of crude γ-chloro-L-lysine dihydrochloride (1)
The crude reaction product was analyzed by 1H-NMR and LC-MS. The major peaks in the 1H NMR spectrum of the crude product ( Figure S1 ) correspond to the 1H spectrum of the final product ( Figure  S2 ). Although the crude product did contain some impurities, we were not able to find evidence for the formation of the other diastereomer in substantial amounts. The HPLC-MS spectrum of the crude product ( Figure S3 ) predominantly showed the mass of the final product (m/z 180), in addition a mass which corresponded to a doubly chlorinated lysine side product was found (m/z 215). This presumed dichlorolysine side product was present in about 2% (calculations based on the extractedion chromatograms) and could be removed by crystallization from HCl.
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Figure S1 1H-NMR spectrum of the crude reaction product (DMSO-d6).
Figure S2 1H-NMR spectrum of the purified final product (DMSO-d6). 
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Synthesis of N  -tert-butoxycarbonyl-L-lysinato-bicyclononylboron (2).
DiPEA (1.75 mL, 10.0 mmol) was added to a stirred solution of 1 (1.27 g, 5.0 mmol) in dry MeOH (25 mL). After 5 minutes the reaction mixture turned turbid and 9-BBN (1.40 g, 5.75 mmol) was added. ). The solvent was removed in vacuo and the residue was coevapporated with DCM (twice). The residue was dissolved in dry THF (25 mL) and DiPEA (1.75 mL, 10.0 mmol) and Boc 2 O (1.09 g, 5.0 mmol) were added. The reaction mixture was stirred for 3 h before 1N KHSO 4 (25 mL) was added. The THF was removed in vacuo, and the remaining aqueous phase was extracted with EtOAc. The organic phase was washed with 1N KHSO 4 and brine, dried (Na 2 SO 4 ) and concentrated. The product was isolated as a white foam (1.84 g, 92%) by flash column chromatography (eluent: 1:4 → 1:2 EtOAc:hexane (v/v)).
On a 187.7 mmol scale, 59.3 g (79%) of product was obtained. 
Synthesis of N  -tert-butoxycarbonyl-4-(S-acetyl)-L-lysinato-bicyclononylboron (3).
KSAc (122 mg, 1.07 mmol) was added to a solution of 2 (244 mg, 0.61 mmol) in DMF (10 mL). The reaction mixture was stirred for 3 h at 65°C before the solvent was removed in vacuo. The residue was redissolved in EtOAc, washed with brine, dried (Na 2 SO 4 ) and concentrated. The product (229 mg, 85%) was isolated as a white foam by flash column chromatography (eluent: 1:4→1:2 EtOAc:hexane (v/v)).
On a 147.9 mmol scale, 47.1 g (72%) of product was obtained. 
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Synthesis of N  -tert-butoxycarbonyl-4-(tert-butyldisulfanyl)-L-lysinato-bicyclononylboron (4).
1N NaOH (1.36 mL) was added to a cooled (0°C) solution of thioacetate 3 (487 mg, 1.11 mmol) in methanol (12 mL) the resulting mixture was stirred under nitrogen at 0°C. After 30 min the reaction mixture was neutralized by the addition of equimolar amounts of AcOH and concentrated. The residue was redissolved in ethyl acetate and washed with 1N KHSO 4 and brine, dried (Na 2 SO 4 ), and concentrated to afford the crude thiol as a white foam. In a separate flask, a mixture of S-tert-butyl methanesulfonothioate (558 mg, 3.3 mmol) and Et 3 N (1.39 µL, 9.9 mmol) in degassed DCM (5 mL) was stirred under nitrogen at room temperature before a solution of the crude thiol in degassed DCM (5 mL) was added dropwise over a period of 30 min. The reaction mixture was stirred for an additional hour and concentrated. The residue was redissolved in ethyl acetate and washed with 1N KHSO 4 and brine, dried (Na 2 SO 4 ), and concentrated. The product was isolated by flash column chromatography (eluent: DCM→EtOAc/DCM 1:4 v/v) as a white foam (481 mg, 89%).
On a 106.9 mmol scale, 25.3 g (48%) of product was obtained. In the large scale procedure crude Stert-butyl methanesulfonothioate was used without isolation from the reaction mixture after its synthesis from mesylchloride and 2-methyl-2-propanethiol in the presence of Et 3 N in DCM. 
Synthesis of N  -tert-butoxycarbonyl-4-(tert-butyldisulfanyl)-L-lysine (5).
Ethylenediamine (1050 µL, 15.4 mmol) was added to a solution of 4 (500 mg, 1.02 mmol) in ether (15 mL). The resulting mixture was stirred for 4 hours and concentrated in vacuo. The product (280 mg, 73%) was isolated by flash column chromatography (SiO 2 , eluent: 9:1 → 6:4 DCM/MeOH v/v) as a white solid.
On a 52.0 mmol scale, 16.5 g (87%) of product was obtained. In addition, 4.4 g of the borane starting material could be retrieved which was converted to 2.4 g (72%) of 5 in a separate reaction. 
Synthesis of N  -(fluoren-9-ylmethoxycarbonyl)-N  -tert-butoxycarbonyl-4-(tert-butyldisulfanyl)-Llysine (6).
A solution of Fmoc-OSu (320 mg, 0.95 mmol) in MeCN (5 mL) was added to a solution of 5 (280 mg, 0.76 mmol) and NaHCO 3 (128 mg, 1.52 mmol) in 1:1 H2O/MeCN (50 mL). After stirring for 3 hours, the organic layer was evaporated and 0.5 N KHSO4 (50 mL) was added. The resulting suspension was extracted with EtOAc (3x50 mL) and the organic layer was dried (Na 2 SO 4 ) and concentrated. The product ( 414 mg 92%) was isolated as a white foam by column chromatography (eluent: 2→5% MeOH in DCM). A small portion of 7 was crystallized from DCM/hexanes for X-ray crystal structure determination. Residual electron density between -0.28 and 0.35 e/Å 3 . Geometry calculations and checking for higher symmetry was performed with the PLATON program.
Synthesis of N  ,N  -bis-tert-butoxycarbonyl-4-(tert-butyldisulfanyl)-L-lysine (7).
Electronic Supplementary Material (ESI) for Chemical Science This journal is © The Royal Society of Chemistry
7
Figure S5 ORTEP representation of the structure of bis-Boc protected -chlorolysine methylester (7), drawn at the 50% probability level. Only one of three independent molecules is shown. Hydrogen atoms are omitted for clarity.
Synthesis ubiquitin δ/γ-thiolysine mutants General Fmoc SPPS Strategy
SPPS was performed on a Syro II MultiSyntech Automated Peptide synthesizer using standard 9-fluorenylmethoxycarbonyl (Fmoc) based solid phase peptide chemistry at 25 μmol scale, using fourfold excess of amino acids relative to pre-loaded Fmoc amino acid Wang type resin (0.2 mmol/g, Applied Biosystems®) or pre-loaded Fmoc amino acid trityl resin (0.2 mmol/g, Rapp Polymere GmbH). The Ub (mutant) peptide sequences were synthesized on resin following the procedures as described before. 8 
Purification of ubiquitin thiolysine mutants.
The crude Ub thiolysine mutant was taken up in a minimal amount of warm DMSO and dilluted with 50 mM NaOAc pH 4.5 while the final DMSO concentration was kept as low as possible (2 -10%). Next, the peptide was purified by cation chromatography using a MonoS column and a 0  1 M NaCl gradient in 50 mM NaOAc pH 4.5. Fractions that contained the were pooled and further purified by prep-HPLC using 2 mobile phases: A=0.05% TFA in MQ and B: 0.05% TFA in CH 3 
Synthesis of K48δ/γ-thiolysine linked diUbs
In a sealed reaction vessel under a nitrogen atmosphere, a solution of the K48Ub /-thiolysine mutant (0.9 mg, 0.58 mM) in 0.2 M sodium phosphate buffer (pH 7) containing 6M Gdn•HCl was incubated with TCEP (150 mM) at 37C for 40 minutes. Next, a solution of UbMESNa thioester (1.25 equiv) in 0.2 M sodium phosphate buffer (pH 7) containing 6M GdnHCl and MPAA (100 mM) was added and the mixture was incubated at 37C. After 6 hours, an additional portion of UbMESNa (1 equiv) was added and the reaction mixture was further incubated at 37C over night. After a total reaction time of 24 hours, the reaction mixture was spun down to remove the precipitate that had formed and most of the small molecules (MPAA, TCEP) were removed from the supernatant by a buffer exchange for 0.2 M sodium phosphate buffer (pH 7) containing 6M Gdn•HCl over a 3 kDa cutoff spin-column (Amicon® Ultra). The obtained mixture was purified by prep-HPLC using 2 mobile phases: A=0.05% TFA in MQ and B: 0.05% TFA in CH 3 
Synthesis of K33δ/γ-thiolysine linked diUbs
In a sealed reaction vessel under a nitrogen atmosphere, a solution of the K33Ub /-thiolysine mutant (2 mg, 0.58 mM) in 0.2 M sodium phosphate buffer (pH 7) containing 6M Gdn•HCl was incubated with TCEP (150 mM) at 37C for 40 minutes. Next, a solution of UbMESNa thioester (1.25 equiv) in 0.2 M sodium phosphate buffer (pH 7) containing 6M GdnHCl and MPAA (100 mM) was added and the mixture was incubated at 37C. After 3 hours, an additional portion of UbMESNa (1 equiv) was added and the reaction mixture was further incubated at 37C over night followed by the addition of another portion of UbMESNa (0.5 equiv). After a total reaction time of 24 hours, the reaction mixture was spun down to remove the precipitate that had formed and most of the small molecules (MPAA, TCEP) were removed from the supernatant by a buffer exchange for 0.2 M sodium phosphate buffer (pH 7) containing 6M Gdn•HCl over a 3 kDa cutoff spin-column (Amicon® Ultra). The obtained mixture was purified by prep-HPLC using 2 mobile phases: A=0.05% TFA in MQ and B: 0.05% TFA in CH 3 CN. Prep-HPLC program: Phenomenex Jupiter 5u C18 300 Å (50x4.6 mm); flowrate: 1 mL/min. Gradient: 0 -5 min: 5% B; 5 -8 min: 5  25% B; 8 -30 min: 25  45% B; 30 -33 min: 45  95% B.
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SDS-PAGE analysis of Ub ligation reactions
Figure S6 Gel analysis of the Ub ligation reactions (SDS PAGE gel 12%, MES buffer).
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Desulfurization of K48δ/γ-thiolysine modified diUbs
To a solution of the diUb conjugate (0.9 mg) in 900 µL degassed 0.2 M sodium phosphate buffer (pH 6.5) containing 6M Gdn•HCl, GSH (40 mM) and TCEP (200 mM), was added VA-044 (final conc 40 mM). The mixture was incubated under Ar at 37C. In most cases desulfurizations were complete within 4 h, incomplete reactions were treated with fresh portions of VA-044 and GSH to ensure full conversion to the desulfurized product. The mixtures were purified by prep-HPLC using 2 mobile phases: mobile phases: A=0.05% TFA in MQ water and B: 0.05% TFA in CH 3 
Desulfurization of K33δ/γ-thiolysine modified diUbs
To a solution of the diUb conjugate in 2 mL degassed 0.2 M sodium phosphate buffer (pH 6.5) containing 6M Gdn•HCl, GSH (40 mM) and TCEP (200 mM), was added VA-044 (final conc 40 mM). The mixture was incubated under Ar at 37C. In most cases desulfurizations were complete within 4 h, incomplete reactions were treated with fresh portions of VA-044 and GSH to ensure full conversion to the desulfurized product. The mixtures were purified by prep-HPLC using 2 mobile phases: mobile phases: A=0.05% TFA in MQ water and B: 0.05% TFA in CH 3 CN. Phenomenex Jupiter 5u C18 300 Å (50x4. 
Stability of TMR-Ahx-Ub under free-radical desulfurization conditions
To investigate the stability of TAMRA-Ahx-Ub under free-radical desulfurization conditions, the fluorescent Ub mutant was incubated under different conditions using two radical initiators. Sample preparation:
The purified diUb samples were dissolved in dmso and then diluted with 15 mL 20 mM NaPO 4 (pH 6.8). Next, the dmso was removed by replacing the buffer for 20 mM NaPO 4 (pH 6.8) over a 3.5 KDa Millipore spin filter. The samples were resuspended in 500 μL 20 mM NaPO 4 (pH 6.8) buffer and the diUb concentrations were calculated using the BCA assay (K33 linked Ub 2 : 50 ug/mL, K48 linked Ub 2 : 40 ug/mL, mono Ub: 150 ug/mL).
Figure S10 CD spectra of synthetic K33 linked Ub 2 , synthetic K48 linked Ub 2 and native mono Ub. 
